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Abstract 
A concept design has been made of a GustoMSC Tri-Floater semi-submersible equipped with the NREL 5MW reference wind 
turbine. To capture the interaction between wind loads on the pitch controlled rotor and motions of the floating structure, aero-
hydro-servo-elastic simulations have been performed using Ansys AQWA coupled to PHATAS. Based on the simulation results, 
it is concluded that the Tri-Floater design meets the requirements regarding motions, accelerations and mooring loads. 
Furthermore, it is shown that uncoupled frequency domain analysis can be applied to assess the wave frequency component of 
the global motion response in early design stages, where computationally demanding coupled analyses are less practical. 
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1. Introduction 
Large numbers of offshore wind turbines have been installed offshore recently. The vast majority of these 
turbines is founded on monopile foundations in water depths up to 30 m. For deeper waters, tripod and jacket 
foundations are being applied. Recently, the European Wind Energy Association (EWEA) presented a study [1] 
which concluded that floating wind turbines can be an economically competitive alternative for water depths 
exceeding 50 m.  
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One of the promising floating wind turbine concepts is the GustoMSC Tri-Floater, which is a three-column semi-
submersible structure, supporting a single wind turbine at its centre. The development of this concept started in 
2002, when GustoMSC delivered the first design of a Tri-Floater to a research consortium comprising ECN, Delft 
University of Technology, Lagerwey, TNO and MARIN [2]. Recently, a further optimized design was made of a 
Tri-Floater equipped with the NREL 5MW reference wind turbine. Using an integrated design approach for the 
floater, mooring system and control system, a relatively low steel weight and displacement was achieved, as 
presented by Huijs et al [3].  
  Various publications, such as Jonkman [4] and Larsen and Hansen [5], have highlighted that the interaction 
between the wind loads on the operational (i.e. blade pitch controlled) wind turbine and the motions of the floating 
support structure should be considered carefully. Especially above the rated wind velocity, the interaction between 
the control system of the wind turbine and the pitch motion of the floater can be very strong. This is the main reason 
why coupled simulations, including rotor aerodynamics, turbine structural dynamics, drive train dynamics, control 
system, floater hydrodynamics and mooring dynamics are necessary for floating offshore wind turbines. However, 
as the coupled simulations typically require a lot of computational effort, these are more suitable for design 
verification than for early design stages. Therefore, it is relevant to know how well some aspects can be predicted 
using simplified uncoupled analyses. 
In this paper, coupled aero-hydro-servo-elastic simulations are presented, which have been used to calculate the 
Tri-Floater motions, nacelle accelerations, mooring loads and wind turbine loads. Simulations have been performed 
for typical operational and survival design conditions. The results are evaluated in terms of compliance with the 
design requirements and compared with the results from an uncoupled frequency domain motion analysis. Within 
the same concept verification study, advanced wave basin tests have been performed. Although the details of these 
model tests are beyond the scope of this paper, some results are referred to in order to validate specific aspects of the 
numerical simulation model. 
The paper starts with a description of the GustoMSC Tri-Floater design and the environmental conditions for 
which the simulations have been performed. Then, the applied software, numerical model and simulation approach 
are described, followed by a section discussing the verification of the numerical model. Finally, the results and the 
main conclusions are presented. 
2. Tri-Floater design 
The GustoMSC Tri-Floater design considered in this paper is dimensioned to support the 5MW NREL reference 
wind turbine. The design is based on a fictive offshore site at 100 m water depth. The basis of design, the design 
methodology and a detailed description of the unit have been presented by Huijs et al [3]. The main particulars of 
the design are summarized in this section. Figure 1 shows an artist impression of the Tri-Floater. 
 
 
Fig. 1. Artist impression of the GustoMSC Tri-Floater. 
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Table 1. Main dimensions of a GustoMSC Tri-Floater equipped with the NREL 5MW reference wind turbine, as presented by Huijs et al [3] 
Hub height above SWL 90.0 m Depth (keel to main deck) 31.2 m 
Radius to column centre 36.0 m Design draft 13.2 m 
Column dimensions 8.0 x 8.0 x 24.0 m Air gap to deck structure 12.0 m 
Damper box dimensions 19.0 x 19.0 x 1.2 m Displacement  3627 t 
 
The main dimensions of the considered Tri-Floater design are provided in table 1. The hull shape of the semi-
submersible is designed for optimal motion response in wind and waves. The natural periods of heave, roll and pitch 
are higher than the typical wave periods, resulting in only limited first order wave induced motions. The wind 
turbine is positioned at the centre of the unit, such that no additional ballast is needed to counteract the weight of the 
turbine. This results in a low displacement and maximizes the potential draft reduction to enter a port, sheltered area 
or dry dock. This is an important feature, as it allows performing operations related to assembly, maintenance and 
decommissioning inshore instead of offshore. 
The floating stability is mainly obtained from the water plane area of the hull. Consequently, the fully 
assembled Tri-Floater can be towed-out on its own keel using conventional tugs. At the offshore location, it can be 
hooked-up to pre-laid mooring chains and electrical cables. Almost 1000 t of passive water ballast is used to reach 
the design draft of 13.2 m. No active ballast system is foreseen in this design, which reduces the number of active 
components and associated risk for failures.  
The structural design of the hull is based on stiffened steel plating, similar to conventional offshore platforms. 
The ease of fabrication and robustness of the structure were the main drivers for the design. This is also reflected by 
the fact that the columns are not interconnected by bracings. Apart from the benefits during fabrication, this will 
result in lower costs for inspection and maintenance during the lifetime of the platform, as all fatigue sensitive 
details are located above the still water line of the platform.  
 
The Tri-Floater discussed in this paper is moored by three catenary mooring chains of 100 mm diameter and 
750 m length. The chains are connected at main deck level. Compared to the more common solution where the 
mooring lines are connected near the lower end of the columns, the vertical distance between the points of 
application of the wind load and the reaction force of the mooring system is significantly reduced. This effectively 
reduces the wind overturning moment on the Tri-Floater. In addition to that, the stiffness characteristics of the 
mooring system contribute to the restoring moment of the floater. A wind induced offset or inclination of the floater 
leads to a restoring moment from the mooring system on the floater. The mooring system is designed according 
DNV Position Mooring [6] consequence class 1. For the quasi-static mooring line model used in the simulations, a 
safety factor of 1.7 with respect to break load is required for intact conditions. Taking into account a corrosion 
allowance, the effective minimum break load (MBL) used in the design verification equals 8.5 MN. 
 
The wind turbine supported by the Tri-Floater is the NREL 5 MW Reference Wind Turbine [7,8] with a 
shortened tower, as the base is located at 19 m instead of 10 m above still water level. For the operational wind 
turbine, the following limitations to the global motions are assumed: 
x the combined roll and pitch inclination should not exceed 10 deg;  
x and the maximum allowable horizontal acceleration at the nacelle induced by global motions is 3.0 m/s2. 
 
ECN has developed an optimized control system specifically for the NREL 5 MW turbine on the GustoMSC 
Tri-Floater, as described by Savenije et al [9]. This control system applies a damping algorithm based on an observer 
and state feedback to maintain a stable speed and power regulation of the wind turbine while reducing the low 
frequency floater motions and associated fatigue loads on the wind turbine components. In addition, the system 
includes a 'pseudo' feedforward control loop to reduce the wave frequency fatigue loads on the wind turbine 
components and blade pitch control activity related to motion induced apparent wind fluctuations. 
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3. Environmental conditions 
The environmental conditions which are assessed in the coupled simulations are presented in table 2. For the 
concept design stage, the environmental conditions have been reduced to these four sets of typical conditions. In a 
later design stage, it would be required to perform the assessment along wave-wind-current contours and to consider 
turbine fault cases as well. 
JONSWAP wave spectra with a peak enhancement factor as provided in the table are applied. A Kaimal wind 
spectrum with a wind shear profile exponent of 0.10 is used. The current is assumed constant over the draft of the 
Tri-Floater. The simulations are performed for the environmental directions 0, 180 and 270 degrees, which due to 
symmetry cover all directions with steps of 30 degrees (e.g. 270 deg is equivalent to 30 deg, 180 deg is equivalent to 
60 deg, etc.). In all cases, wind, waves and current are assumed to act collinear. For the survival condition and the 
operational condition leading to the largest mooring line loads, the simulations are performed both with and without 
current, to check which case is governing. 
Table 2. Environmental conditions for the simulations, based on the design conditions presented by Huijs et al [3]. 
   Operational at 
rated wind 
velocity 
Operational 
above rated 
wind velocity 
Operational at 
cut-out wind 
velocity 
Survival 
Significant wave height  Hs [m] 4.5 4.5 6.5 9.4 
Wave peak period Tp [s] 7.5 – 10 7.5 – 10 9 – 12 11 – 14 
Spectrum peak enhancement factor γ [-] 1.0 1.0 1.0 3.3 
10-min wind velocity at hub height Vhub [m/s] 11.4 14.0 25.0 42.7 
Turbulence intensity at hub height  Ihub [%] 14.7 14.2 13.1 11.0 
Surface current velocity Vc [m/s] 0 – 0.6 0 – 0.6 0 – 0.6 0 – 1.2 
4. Coupled software  
The coupled aero-hydro-servo-elastic software used for the simulations described in this paper has been jointly 
developed by GustoMSC and ECN. It comprises a coupling between the hydrodynamic software Ansys AQWA and 
the wind turbine software PHATAS.  
PHATAS is a time domain (TD) wind turbine simulation tool developed by ECN [10], which includes rotor 
aerodynamics, rotor and tower structural dynamics, drive train dynamics and the turbine control system. 
Aerodynamic loads on the blades of the wind turbine are included based on a blade element momentum (BEM) 
method. The flexibility of the wind turbine blades is calculated using a nonlinear deflection model. The flexibility of 
the wind turbine tower is included based on a modal approach following the Craig-Bampton method.  
Ansys AQWA is a commercial suite of hydrodynamic programs, which is widely used in the offshore industry. 
First order hydrodynamics and wave loading are calculated in the frequency domain (FD) using a potential flow 
linear diffraction model. Applying retardation functions, these results can then be used to perform time domain 
simulations. Morison type elements can be added to simulate viscous damping and wave excitation. Second order 
wave loading can be included in AQWA, using the full quadratic transfer function (QTF). The software includes a 
methodology to account for wave drift damping and the effect of current on second order wave drift loads. This 
methodology is based on a heuristic approach described by Clark et al [11] and is considered to be a reasonable 
approach for structures consisting of one or several vertical cylinders, such as the Tri-Floater. Wind and current 
loads on the floater can be included using load coefficients. AQWA allows modeling the full mooring system of the 
floater. The mooring line reaction forces can be either calculated using a quasi-static or a dynamic model. 
AQWA allows applying a user defined external force on the floater, using a dynamic link library (DLL). This 
feature has been used to link a PHATAS DLL to Ansys AQWA. At every time step, AQWA provides the position 
and velocity of the wind turbine tower base to PHATAS and receives the forces at this point and the instantaneous 
mass matrix of the wind turbine in return. Using this information, AQWA solves the equations for the global rigid 
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body motions. Internally, PHATAS can calculate with a smaller time step to capture the turbine flexible dynamics. 
This implies that there is no need to reduce the AQWA simulation time step to the same level as needed for the wind 
turbine solver, which saves computational effort. The set-up of the coupling is such that the AQWA model contains 
only the floater mass, while the wind turbine mass is included in the PHATAS model. Aerodynamic loads on the 
floater, but also on the nacelle and tower are currently in the model in a simplified manner, taking only the mean 
loads into account based on wind coefficients. The floater is assumed rigid in the current version of the coupling. 
The coupled software has been successfully verified by running simulations where the response can be calculated 
analytically. Furthermore, it has been benchmarked against comparable codes using the results as published for the 
OC3 spar by Jonkman et al [12]. 
5. Numerical model 
A visualization of the numerical model in Ansys AQWA is shown in figure 2. The close-up of the hull gives an 
impression of the panel model used for the radiation-diffraction calculation. The far-field method has been used to 
calculate the QTF for the simulations reported in this paper. Consequently, only the horizontal drift loads are 
included. The elements above the still water level are for visualization purposes only and their coefficients are set 
equal to zero. Viscous damping and viscous wave excitation acting on the damper boxes are introduced by Morison 
type elements. These are not visible in the figure as they overlap with the panel model.  
 
a      b   
Fig. 2: (a) AQWA model including mooring lines; (b) close-up of panel model. 
Current loads on the hull are incorporated in the model using current coefficients. The current load is calculated 
at each time step using the instantaneous relative velocity. This implies that the horizontal damping due to current is 
incorporated. Wind loads and damping acting on the hull and the tower of the turbine are included in a similar 
manner. AQWA is run without line dynamics for the simulations described in this paper, which implies that the 
mooring line reaction loads are calculated based on the quasi-static catenary equations. Line stiffness is included, 
but drag and added mass loads on the mooring lines are not included.  
In all simulations for operational conditions, active blade pitch and generator torque control by the ECN 
controller [9] is applied. For the survival conditions, the turbine is parked with the blades fully feathered (90 deg 
blade pitch) and a turbine yaw misalignment of 8 deg. For the operational cases blade deformation (continuous 
flapping and lead-lag deformation) is included in the simulation, while for parked conditions the turbine blades are 
modeled rigid. For all simulations, a rigid wind turbine tower model is used. 
6. Simulation and post-processing approach  
For hydrodynamic and mooring analyses, it is common to perform simulations, calculations and model tests for a 
three hours reference period. For wind turbine analyses, the typical reference period is ten minutes. The fact that 
both analyses are now combined in one coupled simulation makes the selection of the simulation duration a tradeoff 
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between calculation time and statistical accuracy. In order to obtain statistically robust values for the motions and 
mooring response, one would like to run three hours simulations. However, a three hours simulation including 
control and rotor flexible dynamics (blade flapping and lagging) takes a few hours of calculation time on a normal 
PC. This makes it less practical to run multiple environments, directions, seeds, etc. For the present concept 
verification study, the effective simulation duration (post-processing window) has been reduced to one hour.  
Given the fact that the present study is performed as concept verification, only a single seed (random realization) 
is applied for each wind and/or wave environment. As a result, the simulations provide rather solid statistics for the 
mean values, standard deviations and significant amplitudes, but less reliable extremes (e.g. maximum floater 
inclination, maximum mooring line tension).  
For a selection of signals, a Weibull analysis is performed in order to obtain statistically more reliable extreme 
values. The highest 50% of the extremes (peaks) of a signal are plotted on Weibull paper and a three-parameter 
Weibull distribution is fitted to this. The Weibull fit from the one hour simulation is extrapolated to obtain statistical 
extremes for a three hours reference period. This extrapolation has been verified by repeating one simulation for 
three hours duration. The statistical extremes obtained from the three hours simulation match within a couple of 
percents with the three hours extremes obtained by extrapolation from the one hour simulation. 
The seed dependency has been studied by repeating one simulation with five different wave and wind 
realizations, leading to the conclusion that the statistical uncertainty of the results can be roughly quantified as a few 
percent. For the present concept design stage this is acceptable; for a later design stages running multiple seeds 
would be recommended. 
 
All simulations in irregular waves and stochastic wind are started with the floater at even keel, operational draft 
and zero excursion. The initial rotor speed and blade pitch angle of the wind turbine are taken from the steady state 
curves for the simulation environment. The first 1520 s of the simulation are excluded from the post-processing and 
allow the coupled system to reach its mean offset and let all transient effects dampen out. The simulations are run 
for a total time span of 5120 s, which leaves a post-processing window of 3600 s. The applied simulation time steps 
are 0.0125 s for PHATAS and 0.05 s for AQWA.  
Response spectra are derived from the time traces, using Fast Fourier Transformation (FFT) techniques. In order 
to distinguish the various frequency components of the response signals, the following frequency regions are 
defined: 
x Low frequency (LF)       < 0.30 rad/s 
x Wave frequency (WF)   0.30 – 2.00 rad/s 
x High frequency (HF)      > 2.00 rad/s 
7. Numerical model verification 
In order to verify the coupled numerical model, decay simulations are performed for the six degree of freedom 
floater motions. For all decay simulations, the wind turbine is parked and wind loads acting on the wind turbine are 
excluded by setting the air density in PHATAS to zero. The initial offset equals 10 m or 10 deg. The natural periods 
derived from the decay simulations are presented in table 3 and compared with the values calculated from a 
frequency domain motion analysis with linearized mooring stiffness and linearized damping. Considering the non-
linearities, the natural periods obtained from both methods match quite well. 
Table 3. Natural periods of floater motions. 
Degree of freedom Frequency domain motion analysis  
Time domain decay 
simulation Difference 
Surge /sway 70 s 74 s 6 % 
Heave 16 s 16 s 0 % 
Roll / pitch 31 s 29 s -6 % 
Yaw 62 s 63 s 2 % 
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The motion response of the floater simulation model is further verified by simulations in regular waves. Again, 
the wind turbine is parked and no wind loads are acting on the wind turbine These simulations are performed for a 
duration of 500 s, where only the last 200 s are used to analyse the motion response. For all frequencies, this is 
sufficiently long to reach a steady-state response. 
From these simulations, motion response amplitude operators (RAO’s) are calculated. The RAO’s for surge, 
heave and pitch in 210 deg wave direction are presented in figure 3. The graphs also contain the RAO’s obtained 
from a frequency domain motion analysis and from model tests. These model tests have been performed within the 
same project in the wave basin of MARIN at a scale of 1:50. Although a detailed description of the model tests is 
beyond the scope of this paper, these results are included here to illustrate how the model tests have been used to 
validate the hydrodynamic model used in the simulations. General information about this model test campaign has 
been published by Huijs et al [3] and further details will be presented in the near future. The results presented in 
figure 3 were obtained from tests with a parked turbine, where the model of the Tri-Floater was exposed to white 
noise waves. From the comparison, it is concluded that the first order motions in regular waves of the numerical 
simulation model match well with the frequency domain motion analysis and the model test results. 
 
a   b   c  
Fig. 3. Floater motion RAO for (a) surge, (b) heave and (c) pitch in 210 deg wave direction. 
8. Simulation results 
Typical spectra of the floater motions from the time domain (TD) simulations in combined irregular waves and 
stochastic wind conditions are presented in figure 4. These figures are for 180 deg environmental direction, which 
implies that waves and wind are propagating in the negative x-direction (see figure 2).  The axes of the figures are 
set with a focus on the wave frequency part of the response spectrum. For comparison, the first order motion spectra 
as calculated with an uncoupled frequency domain (FD) motion analysis are added (dashed lines). 
From these figures, it can be clearly observed that the wave frequency (WF) motions of the Tri-Floater are rather 
well predicted by the frequency domain analysis. Considering this, simplified uncoupled motion analysis can be 
applied during early design stages to assess the WF component of the global motion response and to optimize the 
hull shape and dimensions for minimal WF motions. 
One should however bear in mind that this is only part of the global motion response. In the low frequency (LF) 
region, considerable additional response energy can be observed, mainly around the natural frequencies of motion. 
For the operational cases, the significant LF motion amplitudes of surge, sway, roll, pitch and yaw are typically 
larger than the WF motion amplitude. Only for heave, the LF motion amplitude is much smaller than the WF 
amplitude. For all degree of freedom, the high frequency (HF) part of the global motion response is negligibly small. 
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Fig. 4. Floater surge (left), heave (middle) and pitch (right) motion spectra for operational conditions at rated wind velocity (a,b,c), above rated 
wind velocity (d,e,f), at cut-out wind velocity (g,h,i) and parked at survival conditions (j,k,l) in 180 deg wave and wind direction. 
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Fig. 5. Nacelle surge (upper row) and heave (lower row) acceleration spectra for operational conditions at rated wind velocity (a,d), above rated 
wind velocity (b,e) and at cut-out wind velocity (c,f) in 180 deg wave and wind direction. 
Spectra of the local accelerations at the nacelle are presented in figure 5. Again the spectra as calculated in the 
uncoupled frequency domain motion analysis are added for comparison. The presented surge accelerations include 
the gravity component due to pitch of the floater.  
Similar to the motion response spectra, the correspondence in the WF range is rather good. For surge 
accelerations, the effect of LF floater pitch motions is visible. The LF component of the surge acceleration is smaller 
than the WF component, but still in the same order of magnitude. The heave acceleration is fully dominated by the 
WF response. 
These figures confirm the predictive value of uncoupled frequency domain motion analysis. In an early design 
stage, the WF component of the nacelle accelerations can be assessed and minimized using this simplified analysis. 
In a later design stage, coupled aero-hydro-servo-elastic simulations are however indispensable for the verification 
of the total response, including also the LF and HF components. 
 
The two most relevant design requirements regarding the floater motions during operation (wind turbine 
generating power) are that the total inclination should stay below 10 degrees and that the resulting horizontal 
acceleration at the nacelle should not exceed 3.0 m/s2. Table 4 presents the mean values, significant amplitudes 
(twice the standard deviation) and expected maxima (90% fractile of the extreme value distribution) of these two 
parameters as a function of the environmental conditions. 
The largest mean inclination is found for the rated wind condition and equals 3.5 deg. This is however not the 
operational condition leading to the largest extreme inclination or nacelle acceleration. The largest maximum 
expected inclination of 8.5 deg is found at above rated wind conditions. The largest horizontal acceleration at the 
nacelle for operational conditions occurs during cut-out conditions and equals 3.0 m/s2. For survival conditions, the 
maximum expected inclination and nacelle acceleration reach up to 11.1 deg and 3.2 m/s2 respectively. Since the 
turbine will not be operational during these conditions, these values are acceptable. 
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Table 4. Main statistics of floater inclination and nacelle horizontal acceleration. 
 
 
Another important design requirement is the safety factor on mooring line tension. This criterion is governed by 
the survival conditions. The largest expected maximum tension equals 4.5 MN and is found for 180 deg 
environmental direction, when all loads are in line with one of the mooring chains. For this condition, the resulting 
safety factor with respect to the minimum breaking load (MBL) reduced for corrosion allowance (8.5 MN) equals 
1.87, which is above the required 1.7. 
9. Conclusions 
A concept design for the GustoMSC Tri-Floater semi-submersible equipped with the NREL 5MW reference 
wind turbine has been verified by aero-hydro-servo-elastic simulations. These simulations have been performed 
using Ansys AQWA coupled to PHATAS and capture the interaction between wind loads on the rotor and motions 
of the floating structure. Because of the conceptual stage of the design, the number and duration of the simulations 
has been limited in order to reduce the computational effort. Based on the evaluation of the simulation results, it is 
concluded that the Tri-Floater concept design meets the design requirements regarding global motions, accelerations 
and mooring loads.  
The global motion and acceleration spectra from the coupled aero-hydro-servo-elastic simulations have been 
compared with the spectra calculated with an uncoupled frequency domain motion analysis. In the wave frequency 
range (0.3 – 2.0 rad/s), the motions and accelerations of the Tri-Floater are rather well predicted by the frequency 
domain motion analysis. In the low frequency range (< 0.3 rad/s), the coupled simulations show considerable 
response around the natural frequencies of motion, which cannot be captured by the uncoupled method. For 
operational cases, the low frequency motions are typically even larger than the wave frequency motions. The high 
frequency (> 2.0 rad/s) component of the global motion response is negligibly small.  
Considering the above, uncoupled frequency domain motion analysis can be applied to assess the wave frequency 
component of the global motions and accelerations of a semi-submersible floating wind turbine in an early design 
stage. This can be useful when optimizing the hull shape and main dimensions for minimal wave frequency motions. 
In a later design stage, coupled aero-hydro-servo-elastic simulations are however indispensable for the verification 
of the fully coupled response of floater and turbine over a broader frequency range. 
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0 deg 180 deg 270 deg 0 deg 180 deg 270 deg 0 deg 180 deg 270 deg 0 deg 180 deg 270 deg
Floater inclination [deg]
Mean 3.5 3.4 3.5 2.8 2.8 2.9 1.6 1.6 1.7 3.4 3.1 3.2
Sign. Amplitude 2.1 1.8 2.0 2.2 1.9 2.2 1.7 1.6 1.7 2.5 2.7 2.5
Extreme (90%) 7.4 7.4 7.2 8.4 7.5 8.5 6.0 5.5 6.1 10.0 11.1 10.4
Nacelle horizontal acceleration [m/s2]
Mean 0.6 0.6 0.7 0.5 0.5 0.6 0.5 0.5 0.6 0.8 0.7 0.8
Sign. Amplitude 0.7 0.7 0.6 0.7 0.7 0.6 0.7 0.7 0.6 0.9 0.8 0.8
Extreme (90%) 2.4 2.4 2.2 2.3 2.5 2.1 3.0 2.9 2.6 3.1 3.0 2.8
Operational at rated wind velocity Operational above rated wind velocity SurvivalOperational at cut-out wind velocity
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Nomenclature 
BEM blade element momentum 
FD frequency domain 
H  wave height 
HF  high frequency (> 2.00 rad/s) 
Hs  significant wave height 
Ihub turbulence intensity at hub height 
LF  low frequency (< 0.30 rad/s)       
MBL minimum breaking load 
QTF quadratic transfer function 
RAO response amplitude operator 
S  spectral density 
SWL still water level 
TD time domain 
Tp  wave peak period 
Vc  surface current velocity 
Vhub 10-min mean wind velocity at hub height 
WF  wave frequency (0.30 – 2.00 rad/s)   
ax  longitudinal (surge) acceleration at nacelle 
az  vertical (heave) acceleration at nacelle 
x  floater surge motion (at centre of gravity) 
z  floater heave motion (at centre of gravity) 
γ  peak-enhancement factor 
θ  floater pitch motion 
ω  frequency (rad/s) 
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